This study tested the hypotheses that endografts can be visualized and navigated in vivo solely under real-time magnetic resonance imaging (rtMRI) guidance to repair experimental abdominal aortic aneurysms (AAA) in swine, and that MRI can provide immediate assessment of endograft apposition and aneurysm exclusion. BACKGROUND Endovascular repair for AAA is limited by endoleak caused by inflow or outflow malapposition. The ability of rtMRI to image soft tissue and flow may improve on X-ray guidance of this procedure.
Endovascular repair is an alternative to open surgery that is emerging as an elective treatment for abdominal aortic aneurysm (AAA) (1) (2) (3) . An important complication of endovascular AAA repair is endoleak, a persistent systemic communication with the aneurysm sac that risks continued expansion and rupture. Of the types described by White et al. (4) , type I endoleak results from an incomplete seal at the proximal or distal attachment site of the endograft. This has been reported in up to 25% of cases (5) (6) (7) (8) in older series, and may be caused by device misposition, stent malapposition, and device undersizing (9) or oversizing (10) . Better soft tissue visualization and depiction of complex three-dimensional (3D) anatomy by interactive magnetic resonance imaging (MRI) may limit this complication.
Magnetic resonance imaging may be equivalent or superior to X-ray computed tomography for procedure planning and surveillance after endograft placement (11) (12) (13) . Real-time MRI (rtMRI) can guide clinical invasive procedures (14) and pre-clinical interventions, such as transcatheter repair of intracardiac shunt (15, 16) and endomyocardial injection of therapeutic agents (17) . An MRI permits 3D tissue and hemodynamic characterization, creating opportunities to improve endovascular aneurysm treatment and to limit procedural failure from type I endoleak. We hypothesize that: 1) endografts can be visualized and navigated in vivo solely under rtMRI to repair experimental AAA in swine; 2) MRI can provide useful intraprocedural information about anatomy and guide device placement; and 3) MRI can provide immediate confirmation of successful endograft apposition and aneurysm exclusion.
Institute Animal Care and Use Committee. Eleven Yorkshire swine (Animal Biotech Industries, Danboro, Pennsylvania) or National Institutes of Health mini-swine (National Institutes of Health Veterinary Resource Program, Poolesville, Maryland) weighing 60 to 85 kg were studied. Anesthesia was induced with ketamine/xylazine and maintained with inhaled isoflurane. Nonferrous 12-F sheaths (Check Flo II, Cook, Bloomington, Indiana) were placed percutaneously in the femoral artery. Animals underwent anticoagulation with a heparin 100-IU/kg bolus dose and a 40-to 60-IU/kg/h infusion.
We modified an acute nonsurgical model of AAA (18) . Vessels were sized by X-ray digital subtraction aortography using a marker pigtail catheter. Single, double, or triple overlapping balloons (XXL, 14-to 18-mm diameter ϫ 20-mm length, Boston Scientific/Medi-Tech, Natick, Massachusetts; and AgilTrac, 10-to 14-mm diameter ϫ 20-mm length, Guidant, Menlo Park, California) were inflated for up to 10 min within the infrarenal aorta to achieve an overstretch ratio of at a least 2:1. This was repeated until the dilated segment was at least 1.5 times the reference diameter or until dissection or rupture. Construction of endograft devices. Different selfexpanding endograft designs were tested, including one passive device and three different active designs. Passive refers to device visibility based on susceptibility artifacts (dark spots on MRI) generated by intrinsic magnetic properties of the device. Active refers to incorporation of an MRI receiver coil (antenna, electrically connected to the scanner) into the catheter, which is sensitive to signal only from adjacent tissue and is used to create bright spots on the MR images.
The passive device was an unmodified 10 ϫ 100 mm iliac limb of a commercial nitinol endograft (Vanguard, Boston Scientific, Natick, Massachusetts). A quarter-wave 0.030-inch active guidewire was used to enhance visualization of the passive endograft. All active devices were built by one of the investigators (P.V.K.). Endografts were constructed from 0.009-inch gold-plated nitinol wire in a Z-stent design, lined with thin expanded polytetrafluoroethylene and having diameters of 10 to 14 mm and lengths of 60 to 80 mm. Endografts were mounted on 5-F 65-cm nonferrous Kumpe catheters (Angiodynamics, Queensbury, New York), acting as delivery shafts, and crimped inside 10-F nylon sheaths (Fast-Cath, Daig, Minnetonka, Minnesota).
Polyimide tubing improved the stiffness of the Kumpe delivery shaft and the ease of sheath retraction for endograft deployment (Fig. 1) .
Schematics for the active devices are shown in Figure 2 . The passive endograft is depicted in Figure 2A . An activemarker/passive-stent design (Fig. 2B ) incorporated two opposed solenoid coils built into the delivery shaft at each edge of the stent, analogous to radiopaque end markers on X-ray systems. Another active-stent design incorporated a loopless antenna. The delivery shaft acted as ground, and the Z-stent served as antenna whip (region of antenna receiving signal), connected to the shaft by a wire (19 -21) (Fig. 2C ) and designed to detach after deployment. The final active-stent/active-marker system combined the loopless coil endograft with a separate loop coil wound around the delivery device's distal cone just beyond the stent itself (Fig. 2D) . Decoupling circuitry was housed in external shielded boxes.
ENDOGRAFT PHANTOM, HEATING, AND IN VIVO TESTING. All active devices were imaged in saline phantoms before in vivo experiments to confirm signal and appearance.
Heating of the endograft was tested in vitro in a polyacrylamide gel phantom and in vivo in one additional animal. Conditions were intended to exaggerate heating, including continuous steady-state free precession (SSFP) scanning with a high flip angle (alpha ϭ 75°, repetition time [TR] ϭ 3.1 ms). Temperature was measured using four fiberoptic thermistor probes (Umi-4, Fiso Technologies, Quebec, Canada) placed along the length of the device, including the tip.
FUNCTIONAL AND ANATOMIC MRI TECHNIQUES. Functional MRI techniques included dynamic magnetic reso-
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3D ϭ three dimensional AAA ϭ abdominal aortic aneurysm MRA ϭ magnetic resonance angiography MRI ϭ magnetic resonance imaging rFOV ϭ reduced field of view SSFP ϭ steady state free precession MRI TE ϭ echo time TR ϭ repetition time nance angiography (MRA) and phase-contrast imaging. Immediately after aneurysm creation, animals were transferred to a co-located 1.5-T MRI scanner (Signa CV/I, General Electric, Waukesha, Wisconsin, or Sonata, Siemens, Erlangen, Germany) for imaging using 4-or 8-channel phased-array surface coils (NovaMedical, Wakefield, Massachusetts, or Siemens). Contrast-enhanced digital-subtraction MRA was performed with systemic injection of 0.1 to 0.2 mmol/kg gadopentate dimeglumine (Magnevist, Berlex, Wayne, New Jersey) with a 3D radiofrequency-spoiled gradient echo (SPGR) acquisition using the following parameters: repetition time (TR)/echo time (TE) 6.7/1.2 ms, flip angle 45°, matrix 512 ϫ 192 ϫ 24, field-of-view 36 ϫ 27 ϫ 8.2 cm, receiver bandwidth Ϯ62.5 kHz, voxel size 0.7 ϫ 1.4 ϫ 3.4 mm. Mask, arterial, venous (after 60 s), and late phases (after 5 min) were obtained to identify slow contrast accumulation in the aneurysm sac. A 3D, low-flip-angle fast-gradient-echo scan with and without fat saturation was run with thin axial partitions delineating aortic anatomy before and after endograft deployment to assess stent strut apposition (TR/TE 5.8/1.2 ms, flip angle 15°, matrix 256 ϫ 160 ϫ 24, bandwidth 490 Hz/pixel, resolution 1.1 ϫ 1.7 ϫ 4 mm). Stent strut apposition was also confirmed on axial cuts using high-resolution rectilinear trajectory SSFP (matrix 256 ϫ 256, field-of-view 20 ϫ 20 cm, in-plane resolution 0.8 ϫ 0.8 mm, slice thickness 6 mm) and reduced field-of-view (rFOV) radial trajectory SSFP (22) (TR/TE 4.5/2.3 ms, flip angle 60°, 32 projections with 17 interleaves, regridded to matrix 128 ϫ 128, field-of-view 12 ϫ 12 cm, slice thickness 6 mm, bandwidth 560 Hz/pixel), as well as black-blood fast spin echo (TR/TE 1200/100 ms, flip angle 180°, echo train length 16, matrix 384 ϫ 256, field-of-view 30 ϫ 20 cm, slice thickness 5 mm, bandwidth Ϯ62.5 kHz, in-plane resolution 0.8 ϫ 0.8 mm).
Phase-contrast imaging was used qualitatively to assess flow perturbations within the aneurysm before and after endograft deployment. Flow velocities were assessed along three axes using in-plane and through-plane phase-contrast scans (TR/TE 5.0/3.0 ms, matrix 192 ϫ 96, field-of-view 32 ϫ 24 cm, slice thickness 5 mm, bandwidth Ϯ 62.5 kHz, resolution 2.5 ϫ 2.5 mm, through-plane velocity encoding 150 cm/s, in-plane velocity encoding 80 cm/s). Phasecontrast data were represented with through-plane flow mapped as color, and in-plane flow was mapped as velocity vectors (MATLAB, Mathworks, Natick, Massachusetts) (23) . Real-time MRI and interventional procedure. The rtMRI for procedural guidance required several modifications to commercial hardware and software, including external image reconstruction and in-room display, as previ- Real-Time MRI AAA Repair ously described (17, 24, 25) . Interactive rtMRI user interfaces were customized with the addition of several useful features for rectilinear SSFP imaging (25, 26) : individual receiver channel gain, coloring, and highlighting for use with active intravascular devices; preparatory saturation pulses to negate signal from fat or specific spatial regions; simultaneous acquisition and display of multiple image slices; and realtime 3D rendering of multislice data (25) . An interactive point marking system was implemented allowing userselected reference points on individual slices to be represented on the 3D rendering. This was useful, for example, to mark visceral artery ostia. A parallel real-time environment used radial k-space trajectories, a data-undersampling technique that optimizes temporal resolution without sacrificing spatial resolution (22) . This interface was also customized to allow interactive overlay of previously acquired angiographic roadmaps. Typical real-time SSFP imaging used the following parameters: TR/TE 3.8/1.8 ms, matrix 192 ϫ 128, flip angle 60°, slice thickness 8 mm, field-of-view 36 ϫ 24 cm, bandwidth Ϯ64 to 128 kHz. Image position could be adjusted interactively by drawing new prescriptions on the current image, pushing or pulling through parallel planes by user-specified gap thickness, and rotating vertically or horizontally around the image center by user-specified angle increments. These yielded four to eight frames/s, depending on whether image acceleration techniques such as echo sharing were used. The imaging latency, or time to acquire, reconstruct, and display images to the operator using this system is approximately 250 ms. Corroboration of aneurysm exclusion. After endograft deployment and post-procedural MR anatomic and functional imaging as described for baseline studies, X-ray subtraction angiography was repeated. Animals were euthanized, and the abdominal aorta was excised for visual inspection in six.
RESULTS
Aneurysm model. Balloon overstretch dilation of the infrarenal aorta was performed successfully in all 11 animals. Perforation/rupture of the aorta occurred in two, but both survived for the duration of the nonsurvival experimental protocol. At the widest, dilated segments were up to twice the reference aortic diameters. In all cases, aneurysms persisted throughout the experimental protocol, up to 6 h, usually without significant recoil. Endograft testing. In vitro all active devices showed enhanced signal in the immediately surrounding region. However, the receiver coil on the active-marker/passive-stent device (Fig. 2B) coupled inductively with the nitinol stent, resulting in increased signal along the entire device rather than discretely at each end-marker coil. There was marked signal drop-off within 2 to 3 mm of the distal end of the active-stent devices (Fig. 2C) , a known limitation of the loopless antenna design (20) . The active-stent/activemarker design (Fig. 2D) overcame this limitation by placing a loop coil (27) to act as an edge marker distal to the stent.
Heating was only noted at the tip. The maximum temperature increase was 2.0°C in the in vitro static phantom, and 2.2°C in vivo.
Signal-to-noise profiles of the final endograft design, combining an active stent with active edge markers, was higher than for all previous designs, and contrast-to-noise for the final device was different primarily at the endograft edges (data not shown). Real-time MR guidance of endograft procedures. Realtime imaging with SSFP provided adequate temporal resolution for device navigation, positioning, and deployment. Spatial resolution was sufficient to visualize important visceral and branch artery origins necessary for precise device placement.
In one of the animals with aortic rupture, the rapidly accumulating retroperitoneal hematoma obscured important anatomy. This problem was circumvented by thickslice, real-time angiography with a hand injection of dilute (30 mM) gadolinium contrast during image acquisition. Active devices were easily visualized within the aorta using color highlighting and individual channel gain adjustment.
Multislice imaging provided reference coronal and sagittal slices of the infrarenal aorta with renal and iliac vessels while allowing interactive adjustment of axial slices to verify and adjust device position. The slices were displayed individually and in combination after real-time 3D rendering (Figs. 3A and 3B) . A point marking system allowed precise delineation of important anatomic references, including proximal and distal aneurysm extent, with display on the 3D image to guide device positioning and deployment (Fig. 3A) .
The balance between spatial resolution, the number of image slices, and temporal resolution was adjusted iteratively, in combination with temporal filtering and multiplanar imaging. Optimal anatomic guidance seemed to be provided by multiple (3-5) non-orthogonal slices, each fully refreshed only approximately once per second. Performance of different MRI-endograft designs. The commercial endograft system ( Fig. 2A, one tested) was visualized passively by its marked susceptibility artifact, but this made it very difficult to differentiate the stent itself from the delivery shaft. We attempted to improve device visualization by inserting a quarter-wave active antenna-guidewire through the lumen of the endograft system. This enhanced local signal but did not satisfactorily delineate the device.
The active-marker/passive-stent device (Fig. 2B , one tested) showed bright signal along the length of the device rather than discretely at the markers only. The distal edge of the stent could not definitively be identified. Additionally, the tip of the delivery system, extending 2 cm beyond the distal active marker, was not conspicuous because of volume averaging.
The loopless coil design of the active-stent device (Fig.  2C, two tested) provided good signal except along the distal several millimeters of the actual endograft, reducing operator confidence during positioning and deployment.
The final device iteration combined an active stent with an active distal loop coil at the distal tip of the delivery catheter (Fig. 2D, seven tested) . This design produced the most reproducible signal pattern and provided satisfactory operator confidence in device position.
The two procedural failures were attributed to the fragility of these homemade prototypes, built primarily for imaging rather than mechanical characteristics. Of the two procedural failures, one was related to shifting of the self-expanding endograft during unsheathing, and the other was related to migration during withdrawal of the detachable antenna connection. MR assessment of procedural success. Nine of 11 endograft procedures were successful under rtMRI guidance. The two failures were identified using first-pass MRA. No attempt was made to correct acute endoleaks using adjunctive balloon or stent devices.
Stent strut apposition at the proximal and distal target segments of the aorta was convincingly shown by highresolution axial SSFP, fast spin echo, and 3D gradient echo scans (Fig. 4) .
Repeat MRA in 9 of 11 cases showed both aneurysm exclusion by the endograft (Fig. 5) and patency of the renal arteries. Iliac arteries were also patent by angiography. Successful exclusion was further corroborated by lack of contrast accumulation in the aneurysm sac during late-phase angiographic and real-time SSFP scans. In the other two cases, MR contrast-angiography revealed procedural failure with evidence of gadolinium within the aneurysm sac.
High-resolution phase-contrast studies with vector-and color-flow mapping showed reduction of in-plane and through-plane turbulence consistent with restoration of laminar flow (Fig. 6 ). In the two procedural failures, phase contrast imaging was not specifically conducted to iden- The rtMRI with SSFP provided excellent intrinsic blood contrast within the aorta and its branch vessels, allowing optimal slice selection for the procedure. Unlike coronary and intracardiac procedures, in which ultrafast imaging is a prerequisite because of cardiac and respiratory motion, peripheral endovascular repair under MR guidance may be undertaken with slower frame rates that allow better spatial resolution. Radial k-space acquisition seems well suited to transcatheter aneurysm therapy because of advantages in rFOV imaging and because of intrinsic edge enhancement (22) . Customized features on the interactive real-time interface proved very useful during the interventional procedure, particularly in channel coloring and gain adjustment to highlight and contrast the device from surrounding tissue. Multislice imaging with simultaneous real-time 3D rendering facilitated device positioning and deployment with complementary orthogonal and/or oblique views. Our ability to precisely position and deploy the endografts was good and was limited only by the mechanical shortcomings of our homemade devices.
Post-deployment scanning combined anatomic and functional assessment of procedural success. High-resolution, rFOV SSFP, fast spin echo and 3D gradient echo scans convincingly showed stent strut apposition to the proximal and distal target aortic segments. Dynamic contrastenhanced MRA during arterial, venous, and late phases corroborated aneurysm exclusion in successful cases and clearly showed contrast accumulation in the aneurysm sac after procedural failures. Phase-contrast scans visually showed restoration of laminar flow in the grafted segment.
These studies were readily completed within minutes of endograft delivery. Study limitations and clinical implications for endovascular repair. Although we successfully excluded aneurysmal segments immediately in all cases in which the homemade device functioned appropriately, our experience should be qualified. We used a model of AAA in healthy, nonatherosclerotic swine. Even after balloon overstretch injury, the course of the infrarenal aorta remained essentially unchanged. This and more complicated surgical models cannot represent the complex 3D anatomy and tortuosity encountered clinically in degenerative arterial segments in patients with AAA, in whom the expected benefits of detailed soft tissue contrast and 3D representation by MRI may be more dramatic. In particular, safe traversal of tortuous iliac artery segments, one of the procedural challenges of AAA endografting, might be simplified by using rtMRI to visualize device-related anatomic distortion and to guide operator adjustments. Furthermore, we used a simple tubular endograft, although most clinical devices are bifurcated to cover the aorta and both iliac limbs. 
